Histone deacetylase (HDAC) catalyze deacetylation of acetylated lysine residues on histones and a growing number of nonhistone proteins including many transcription factors, playing an important role in the upstream control of gene transcription, cell cycle progression, and apoptosis. It has been wildly recognized that HDACs are promising targets for cancer therapy. At least 10 HDAC inhibitors are currently in clinical evaluation. However, none of them is practically isoform selective. More and more evidence suggests that acetylation modification occurring in f85% of eukaryotic proteins should be a general mechanism for altering protein structures or protein-protein interactions. Unselectively inhibiting the deacetylation activity of HDACs and the consequent modulation of the acetylation status of so many substrates might have multiple mechanisms of action in vivo, resulting in both therapeutic responses and unanticipated side effects. Lack of selectivity for the existing HDAC inhibitors is somewhat logical for the highly conserved residues in the catalytic site and the malleable structure in the rim of the active site of HDAC enzymes. For further advancements in the development of HDAC inhibitors, clues for selectivity will have to be considered.
Introduction
Since the discovery of the correlation between gene transcription and acetylation level of histones in 1964 (1), there has been a rapid development in the field of histone deacetylase (HDAC) research thus far. The first HDAC enzyme was isolated in 1996 (2), the first crystal structure of a HDAC homologue bound to inhibitor was elucidated in 1999 (3) , and the first HDAC inhibitor suberoylanilide hydroxamic acid was approved by Food and Drug Administration in 2006. The last four decades have witnessed a considerable progress in the field of drug discovery.
The well-known substrates of HDACs are histones in nucleosome, fundamental repeating unit of chromatin, which explains why these enzymes have been named HDACs once identified. In general, hyperacetylation of histones is associated with increased transcriptional activity, whereas hypoacetylation is associated with repression of gene expression (4) . The fact that acetylation is a key component in the regulation of gene expression has stimulated the study of HDACs as well as their inhibitors. The hypothesis of a ''histone code'' as major system of epigenetic modification further accelerated HDACs research (5, 6) . Deacetylation is only part of the ''histone code,'' which also includes methylation, phosphorylation, ubiquitination, SUMOylation, etc. These ''languages'' encoded in histone termini act in a combinatorial and hierarchical manner and modulate specific regulatory events. It should be pointed out that the biological properties of HDACs should not be restricted to the ''histone code.'' As more and more nonhistone proteins have been identified as substrates of HDACs, the acetylation modification may represent a general mechanism for altering protein structures or protein-protein interactions and may play a crucial role in many biological processes in vivo (7) .
HDACs appear to have diverged early in evolution and have been conserved in eukaryote, suggesting that these enzymes may play critical nonredundant functions (8) . However, despite the fact that many HDAC inhibitors in clinical investigation have shown tremendous therapeutic benefits in diseases such as melanoma, leukemias, lymphomas, and myelodysplasia, the precise biological role of individual HDAC enzymes is largely unknown. The limited knowledge of HDAC biology and the role of individual HDACs in cancer have led to an empirical approach to the use of HDAC inhibitors, which threaten to slow the field's progress (9) . Biological study of individual HDACs is a prerequisite task in the field of HDACs research.
HDACs and nonhistone substrates, including transcription factors, transcription regulators, signal transduction mediators, DNA repair enzymes, nuclear import regulators, chaperone proteins, structural proteins, inflammation mediators, and viral proteins (10) , play key roles in many biological processes. Thus, unselectively inhibiting the deacetylation activity of HDACs and consequently modulating acetylation status of these substrates should have multiple mechanisms of action in vivo, resulting in both therapeutic responses and unanticipated side effects (Fig. 1) . In fact, some clinically investigated HDAC inhibitors showed cardiac toxicity (11 -14) . Moreover, an electrocardiogram change (in particular, the prolongation of the QTc interval, a measure of the time required for polarization and depolarization of heart muscle cells) has been reported at least occasionally in patients taking almost every HDAC inhibitor (9, 14) . Considering the diversified substrates of HDACs, selective HDAC inhibitors, which inhibit individual HDACs and affect the acetylation status of relative small number of HDACs substrates, may display more foreseeable therapeutic effects and less side effects.
HDAC Enzymes
HDACs belong to a deacetylase superfamily. There are at least 18 HDAC enzymes identified in human until now, which are categorized into four classes, based on their homology to yeast deacetylases (15) .
Class I HDACs are well-known transcriptional corepressors and always associate with transcriptional repressors and cofactors in vivo. There are three wellknown multicomponent complexes: Sin3, NuRD, and CoREST. These complexes all have HDAC1/2 as an indispensable component for deacetylation of acetylated histone tails. HDAC3 forms complexes with class II HDACs; however, reconstitution experiments in vitro indicate that HDAC4 and other class II HDACs are inactive in the context of the NCoR/SMRT-HDAC3 complex and do not contribute to its enzymatic activity (16, 17) . These observations indicate that class II HDACs regulate transcription in the context of enzymatic active NCoR/SMRT-HDAC3 complex independent of any intrinsic HDAC activity.
Accumulating biological data suggest that class I HDACs are associated with cell cycle progression, metastasis, and apoptosis and are promising targets for cancer therapy (18 -22) . Overexpression of class I HDACs has been reported in various cancer tissues (23 -26) . For example, studies showed that class I HDACs are expressed at significantly higher levels in ovarian cancers in comparison with normal ovarian tissues, whereas there is no significant difference in class II HDAC expression between the cancers tissues and normal tissues of ovary. Studies further showed that knocking down of genes encoding HDAC3 and other members of the class I HDAC family suppresses ovarian cancer cell growth (27) . The role of individual class I HDACs in tumor cell proliferation was investigated using RNA interference -mediated protein knockdown. Cells can arrest either at the G 1 phase of the cell cycle or at the G 2 -M transition in the absence of HDAC1, resulting in loss of mitotic cells, cell growth inhibition, and an increase in the percentage of apoptotic cells (28) . Using different HDAC inhibitors together with small interfering RNA for HDAC1, HDAC2, HDAC3, and HDAC6, studies found that inhibition of class I HDAC but not class II HDAC is required for sensitization to tumor necrosis factor -related apoptosis-inducing ligandinduced apoptosis of chronic lymphocytic leukemia cells and various cell lines (29) .
Class IIa HDACs are abundant in heart and repress cardiac gene expression by direct association with MEF2 or indirect interactions with SRF, NFAT, and natural killer family transcription factors (30) . These interactions contribute to repression of fetal gene program and prevent hypertrophy. On phosphorylation by kinases of the CaMK superfamily, class IIa HDACs are bound to 14-3-3 chaperone protein and transported to cytoplasm, resulting derepression of target genes. Consistent with their repressive role, mutant mice lacking the class II HDACs are hypersensitive to hypertrophic signals (31) .
One consideration for selective HDACs inhibitors is to avoid cardiac side effects, which may be result from unselective interaction with class II HDACs. Paradoxically, studies showed that nonselective HDAC inhibitors, such as trichostatin A and suberoylanilide hydroxamic acid, imposed a dose-dependent blockade to hypertrophy and fetal gene activation (32) . There are also other evidences showing that nonselective HDACs inhibitors There is a variety of HDAC substrates, but deacetylation identified thus far always occur on their specific lysine residues other than any other amino residues. Therefore, mimics of lysine tails that competitively inhibit HDACs are usually nonselective inhibitors. On the other hand, nonselective HDAC inhibitors should have lots of unpredictable side effects due to the wide distribution of HDAC substrates.
block hypertrophy in cell-based model of pressure overload-induced cardiac hypertrophy and animal models of cardiac hypertrophy (33, 34) . Explanation for these phenomena by retrospective analysis is that the catalytic activity of class II HDACs may not be required to repress the hypertrophic program, as MITR, a splice variant of HDAC9 that lacks a deacetylase catalytic domain, remains highly effective in suppressing MEF2 activity (35, 36) .
In the past 5 years, a tremendous effort has been dedicated to the research of class IIa HDACs. The structure, regulatory mechanisms, biological functions, and therapeutic implications of class IIa HDACs have been elaborated recently (37) . Despite the significant advances in this field, several essential questions remain unanswered. Class II HDACs are enzymaticly inactive in transcriptional repression complex in the nucleus, and their catalytic domains have nothing to do with their already identified biological functions in nucleus; given their ability to shuttle between the nucleus and the cytoplasm, it may be speculated safely that they should have unidentified substrates in cytoplasm. What are the mysterious biological roles class II HDACs would play in cytoplasm? These are difficult but unavoidable issues in the process of HDACs research.
Selectivity of HDAC Inhibitors
HDAC inhibitors reported thus far are structurally diversified. They are divided into chemical classes including hydroxamic acid derivatives, benzamides, cyclic peptides, short-chain fatty acids, electrophilic ketones, and miscellaneous. Most of these inhibitors are equally active against HDAC of class I, II, and IV. Only a few inhibitors are class selective among class I and II enzymes; even fewer are member-selective within a specific class. All the reported selective HDAC inhibitors have been occasionally discovered or identified via highthroughput screening rather than following a rational design based on the structural differences of individual HDACs.
Most of HDAC inhibitors identified thus far are thought to be competitive inhibitors. Competitive inhibitors inhibit the enzymes by inserting into the same catalytic pockets as the normal enzyme substrates. Competitive HDAC inhibitors generally share the common features of a general pharmacophore model based on the crystal structures of inhibitor-enzyme (HDAC-like protein from Aquifex aeolicus) complexes (3). The pharmacophore model comprises a cap group, which is able to interact with the rim of the catalytic tunnel; a hydrophobic spacer, which allows the molecule to lie into the tunnel and interacts with the residues along the tunnel; and a zinc-binding group (ZBG), which is able to complex the zinc ion at the bottom of the catalytic cavity. Usually there is a polar connection unit linking the cap group to the hydrophobic spacer (38) . However, inhibitors in inhibitor-enzyme crystal structures always have a hydroxamate group or a trifluoromethyl ketone group (3, 39 -41). As both hydroxamate and trifluoromethyl ketone groups are strong ZBGs, the binding in crystal structure should not be taken as the general binding mode for all HDAC inhibitors, especially for structurally different inhibitors or inhibitors which have weak and atypical ZBGs.
The catalytic domains consisted of f400 amino acids are well conserved among class I, II, and IV HDAC enzymes (41) . These enzymes all have an apparently identical Zn + -dependent catalytic machinery (41, 42) . Thus, it is not surprising that most of inhibitors lack class selectivity.
StrategiesToward HDAC Inhibitors
Sequence comparison indicates that main difference among the individual enzymes exists in the loops forming shallow grooves around the rim of enzyme pocket. The comparison of these crystal structures also suggests these enzymes differ considerably in the rim around the surface of the active site. These differences may be responsible for selectivity. A comparison of the structures of HDAC8 bound to four different inhibitors reveals considerable differences in the protein surface in the rim of enzyme pocket, which suggests that this region is highly malleable and is able to change to accommodate binding to different inhibitors (41) . Recent researches focus mainly on modulating the cap group of inhibitors, which are supposed to be important for discrimination of residues in the rim of different HDAC enzymes.
Derivatives bearing hydroxamic acid group usually lack selectivity due to strong chelating activity with the zinc ion. The zinc-binding interaction outweighs other factors that may contribute to selectivity. However, a hydroxamic acid -based compound bearing a cyclic peptide mimic as cap group was recently discovered as potent HDAC inhibitor, showing 4-fold selectivity for HDAC1 over HDAC8 (43) .
Some studies suggested that the 14 Å internal cavity immediately below the catalytic pocket should be explored as an additional binding element for HDAC inhibitor (44) . A series of compounds bearing 2-amino-5-arylanilide-based benzamide pharmacophore were synthesized and these compounds lost activity against HDAC3 and are exclusively HDAC1 and HDAC2 inhibitors (45) .
Our recent findings indicated open-chain bispyridinium dienes as selective HDAC inhibitors (46) . In addition, some selective HDAC inhibitors with novel structures have also been identified (47) . However, these compounds do not have any ZBG and their structures could not be dissected into the traditional ZBG-linker-cap pharmacophore. Considering the perfect selective profiles of these inhibitors, it may be supposed that they may possibly bind to HDAC enzymes in a noncompetitive manner, without interactions with the zinc ion. Although further biochemical experiments, such as photoaffinity labeling, crystallization of enzyme inhibitor complexes should be carried out to elucidate the mechanism of inhibition, as Until now, there are more than 400 zinc enzymes identified to be involved in all aspects of metabolism (49), such as RNA polymerase II, matrix metalloproteinases, carbonic anhydrases, etc. A bioinformatics survey on the zinc proteins encoded in the human genome has proposed that there are f2,800 zinc-binding proteins in human (50) . Thus, it is difficult for competitive HDAC inhibitors to avoid ''off-target'' effects in vivo, so noncompetitive inhibition of HDACs maybe a plausible approach for further development of HDAC inhibitors.
Whether these compounds structurally different from pharmacophore model of HDAC inhibitors may inhibit HDAC by binding to the catalytic pocket of HDACs in a noncompetitive manner or by binding to an unidentified noncatalytic pocket of HDACs needs further study. However, based on the recruitment mechanism of HDACs, we suppose noncatalytic pockets of HDACs may be explored for mechanism-based development of inhibitors. It has been described that HDACs are recruited to their substrates in four mechanisms (51, 52) . The first three mechanisms involve recruiting HDACs to genes via interactions with specific DNA-binding proteins, whereas the fourth mechanism suggests a higher-order regulatory system in which HDACs are inactivated by sequestration (8) . Thereby, targeting noncatalytic pocket responsible for the interaction of HDACs and DNA-binding proteins may disrupt recruitment of HDACs to specific site or specific substrate. Inhibitors designed based on the regulation mechanism should be more selective than competitive inhibitors.
The fourth recruitment mechanism is basically for class IIa HDACs. Class IIa HDACs are bound to 14-3-3 chaperone protein and transported to cytoplasm, resulting in derepression of target genes (30) . Recent findings indicate that interaction with 14-3-3 proteins protects class IIa HDACs from dephosphorylation, and small molecules that displace this interaction would promote access of the phosphatases and consequently tip the balance toward hypophosphorylation and increased repression of MEF2-dependent transcriptional activity (37) . Targeting the noncatalytic pocket responsible for interaction of class IIa HDACs and 14-3-3 proteins could selectively modulate the biological effects of class IIa HDACs.
Therefore, there should be two strategies for the development of HDAC inhibitors as well as selective HDAC inhibitors. ''Competitive'' inhibitors target the catalytic pocket of HDACs, whereas the noncompetitive inhibitors would target the noncatalytic pocket responsible for the interaction of HDACs and DNA-binding proteins or other regulatory proteins. Many HDAC inhibitors are designed based on the catalytic pocket of HDACs and are structurally similar with pharmacophore model. Noncompetitive inhibitors selectively interrupting the interaction of HDACs with specific DNA-binding proteins or other regulatory proteins (e.g., 14-3-3 protein) may have better selective profiles (Fig. 2) .
Conclusion
Currently, there are at least 10 HDAC inhibitors in clinical investigation. Most of them are hydroxamates and inhibit HDACs in a competitive manner, with quite limited selectivity (9) . As more and more pharmaceutical companies and research institutes are devoting to the development of selective HDAC inhibitors, there are some advances in biological methods for evaluating HDAC inhibitors. For example, direct cellular HDAC enzymatic activity assay for robostic screening and spectrophotometric method for screening HDAC8-selective inhibitors (53, 54) . In addition, novel markers based on biological roles of individual HDACs should be employed for the assessment of HDAC inhibitors. Information on biological roles and regulatory mechanisms of individual HDACs and gene profiling studies from tumor samples obtained from responders and nonresponders might lead to the identification of these markers (55) . These novel predictive markers could be employed for identification of selective HDAC inhibitors and further accelerate the progress toward selective HDAC inhibitors. inhibitor. Strategy A is common used nowadays for obtaining selectivity. For inhibitors that would interact with the catalytic pocket and inhibit HDAC competitively, the strategy starts from choosing an appropriate ZBG, which should not be too potent in zinc binding. Further optimization of the interactions with the rim of the enzyme counteracts the weak zinc-binding activity, gaining potency as well as selectivity. As more and more evidences suggest that substrate specificity mainly depend on cofactors that form various complexes with HDACs, inhibitors targeting noncatalytic binding pocket could affect the conformation of the HDACs and inhibit HDACs in a noncompetitive manner. Strategy B may be more feasible for obtaining selective HDAC inhibitor.
